Introduction
Theiler's murine encephalomyelitis virus (TMEV) (Theiler, 1934) , is a member of the genus Cardiovirus, family Picornaviridae (Ozden et al., 1986; Pevear et al., 1987) . In most young adult mice, natural infection leads to an asymptomatic enteric infection but in rare instances, I or 2 animals per I000, a spontaneous CNS disease characterized by flaccid paralysis occurs (Olitsky, 1939) . TMEVs can be divided into two subgroups on the basis of their neurovirulence after intracerebral (i.c.) inoculation (Lipton, 1975) . The GDVII and FA strains are highly neurovirulent and produce a rapidly fatal encephalomyelitis in mice of all genetic backgrounds. The second subgroup, TO (Theiler's original) includes strains BeAn, Author for correspondence: John K. Fazakerley (Mail should be sent to the Edinburgh address). Fax +44 131 650 6511. e-mail John.Fazakerley@ed.ac.uk DA and WW. These strains are nominally avirulent but are in fact of varying virulence depending upon factors such as mouse strain and age and dose of virus. In animals which survive the acute infection these strains can cause a chronic persistent CNS demyelinating infection to which SJL/J, SWR and PL/J mice are highly susceptible and BALB/c and C57BL/6 mice are resistant (Clatch et al., 1987; Bureau et al., 1992) . Mouse strains in which infection gives rise to clinically apparent chronic disease in only a percentage of the mice are designated as intermediately susceptible.
Genetic studies have mapped susceptibility to persistent infection to a number of genetic loci, including loci linked to the constant region of the T cell receptor (Melvold et al., 1987) , interferon-y and myelin basic protein genes (Bureau et al., i993) , and a locus close to the carbonic anhydrase gene (Melvold et al., 1990) . A strong association has been observed with the MHC, specifically H-2D (Rodriguez & David, 1985; Rodriguez eta]., 1986; Clatch et al., 1985 Clatch et al., , 1987 Patick eta] Azoulay et al., 1994) , with alleles predisposing to susceptibility to persistence falling into three groups: fully susceptible (q), intermediately susceptible (d, k and s) and resistant (b) (Bureau et al., 1992) . Resistance is dominant over susceptibility. CTL responses specific to TMEV are generated by both susceptible (SJL/J) and resistant (C57/10SNJ) mice but develop more rapidly and to a greater magnitude in resistant strains and are important in virus clearance (Lindsley & Rodriguez, 1989; Lindsley el al., 1991; Pena Rossa eta[., 1991; Fiette eta] ., 1993; Pullen et al., 1993; Rodriguez et aI., 1993) .
By infectivity, immunostaining, in situ hybridization and RNA blot analysis, it is clear that TO strain viruses persist in the majority of mice susceptible to chronic disease (Lipton, 1975; Lipton et al., 1984; Chamorro et aI., 1986; Bureau et al., 1992) . Furthermore, areas of inflammation and demyelination in these mice are always associated with virus (Rodriguez & David, 1985; Rodriguez et al., 1986; Chamorro et al., 1986; Patick et al., 1990) . Using the above techniques in studies on mice resistant to chronic disease, no virus can be found in the CNS after the acute phase of the infection (Lipton, 1975; Chamorro et al., 1986; Bureau et al., 1992) . However, there remains the possibility that virus is present at levels below the detection limits of these techniques.
The late demyelinating pathology resembles multiple sclerosis and TMEV infection is studied as a model of this disease. This model system clearly illustrates the principle that an RNA virus can persist in the CNS despite an active immune response and that persistence can give rise to lesions of inflammatory demyelination. Furthermore, as in multiple sclerosis, disease susceptibility is multigenic and predisposing loci include the MHC. If multiple sclerosis does have a viral aetiology it is likely that clinically apparent disease only occurs in a proportion of infected, genetically predisposed individuals. In this regard, TMEV infection of mouse strains in which only a proportion of the infected mice develop disease provides a particularly relevant model system. Relative to mouse strains which are completely susceptible or are completely resistant these strains have been little studied. It is, for example, unclear at what level, other than clinically apparent chronic disease, there is variation between individual mice. To address this question we have undertaken a longitudinal study of a large group of intermediately susceptible CBA mice infected with the BeAn strain of TMEV. Some individuals of this strain have been previously shown to develop immune mediated demyelination (Blakemore et al., 1988) . In particular, we have sought to study the variability in the course of the infection between individual mice. From 1 to 268 days post-infection (p.i.), we have analysed by infectivity titres, in situ hybridization and RT-PCR the course of infection in both the brain and the spinal cord, determined the serum neutralization titre, the extent of virus spread in the CNS and the tropism and histopathology of the infection in both the acute and chronic phases. As a reference point, we have also studied these parameters in a group of resistant BALB/c mice.
Methods
• Viruses and animals. The BeAn strain of TMEV was originally from H. Lipton (Mount Sinai Medical Center, New York, USA). Virus was grown in BHK-21 cells cultured in Glasgow modified Eagle's medium (GMEM) supplemented with I0% newborn calf serum and tryptose phosphate broth. Culture supernatants containing infectious virus were aliquoted and stored at -70 °C.
Mice were obtained from either the Department of Pathology Animal Unit (Cambridge University) or Olac. A total of I40 CBA and 90 BALB/c female mice at 3-4 weeks of age were inoculated i.c. with 20 txl of PBS containing 10 000 p.f.u, of the BeAn strain of TMEV, and sampled at various time-points from day 1 to day 268 p.i.
• Virus titres. Infectious virus was titrated by plaque assay on BHK-21 cell monolayers. CNS tissues were weighed and homogenized (1 : 5 or 1 : 10, w/v, for brains and spinal cords, respectively) in GMEM with 20 mM-HEPES buffer. Tenfold dilutions of homogenized tissues were added to PBS washed cell monolayers and incubated for 45 min at room temperature. Monolayers were then overlaid with 1% agar in GMEM supplemented with 10% BSA, incubated for 3 days at 37 °C, fixed in 10% formalin, stained with toluidine blue and plaques counted. Titres were expressed as p.f.u./g of CNS tissue. The limits of detection of the assay were 1017 and l0 s p.f.u./g for brain and spinal cord, respectively.
• Serum neutralization titres. At various time-points, three BALB/c and three CBA mice selected randomly from those sampled were tested for their serum antibody neutralization titres. Twofold serial dilutions of sera (1/25 to 1/800) in 100 ~1 of PBS were mixed with an equal volume of tissue culture supematant containing 2 x 10 ~ p.f.u, of BeAn, and incubated for 1 h. After incubation, 100 Ix[ in duplicate were assayed for virus as described above. The dilution of serum taken for calculation of neutralizing antibody titre was that resulting in greater than 50 % neutralization. Titres were expressed as p.f.u. (neutralized)/ml of serum. The limit of detection of the plaque assay was 10 ~ p.f.u. (neutralized)/ml of serum. Sera from Semliki Forest virus infected BALB/c mice were used as a control.
• Histopathology, in situ hybridization, immunostaining and double-labelling. At sampling, mice were perfused with PBS and tissues removed. Brains were bisected sagittally down the midline and spinal cords were divided transversely into four equal parts. Half of each brain and two non-adjacent parts of the spinal cord were immersion fixed in 4 % phosphate buffered formol saline. The other half of the brain and parts of the spinal cord were immediately frozen and used for infectivity titre or preparation of RNA for assessment of virus persistence by RT-PCR. After fixation all tissues were embedded in paraffin and 5 ~tm serial sections cut onto Biobond (British Biocell) coated slides. Sections were stained for haematoxylin and eosin by routine methods or used for in situ hybridization, immunostaining or double-labelling.
For in situ hybridization, riboprobes complementary to nucleotides 1729 to 4733 on the BeAn genome were labelied with [35SIATP and [3~S] CTP or with digoxigenin-UTP as described previously (Simas et al., 1995) . Radiolabelled probes routinely had a specific activity > 10 ~ c.p.m./gl. In situ hybridization was performed as we have previously described (Fazakerley e~ at., 1993; Simas et al., 1995) . The specificity of the riboprobe was tested on age-matched, non-infected and Semliki Forest virus infected mouse CNS tissues (Fazakerley el aI., 1993) . No positive signal was ever detected in any of the control tissues. Sections labelled with 35S-riboprobes were dehydrated, air dried and exposed to high resolution fl-max film (Amersham) before dipping in photographic emulsion (LM2, Amersham). Digoxigenin labelled probes were detected with an anti-digoxigenin antibody using the immunostaining procedure detailed below. 
Immunostaining was performed as described previously (Simas et al., I995) . Rabbit polydonal anti-bovine glial fibrillary acidic protein (GFAP) (Dakopatt) or rabbit polyclonal anti-bovine 2',3'-cyclic-nucleotide 3'-phosphohydrolase (CNPase) (a kind gift from F. A. McMorris; Raible & McMorris, 1989) were used as primary antibodies to label astrocytes and oligodendrocytes, respectively. Reactions were detected using a secondary biotinylated goat anti-rabbit IgG (Vector Laboratories), amplified with a Vector Laboratories ABC kit according to the manufacturer's instructions and positive cells visualized using diaminobenzidine as substrate. For double-labelling of cells for viral RNA by in silu hybridization using asS-labeUed riboprobes and for phenotypic cell markers by immunocytochemistry, the in sifu hybridization was always performed first. After immunostaining, slides were dipped in photographic emulsion and finally counterstained with haematoxylin and eosin.
• RNA preparation. Total RNA was extracted from half brains and half spinal cords of infected mice and infected BHK monolayers by the guanidine thiocyanate (GTC) method (Maniatis et aL, 1989) . TMEV was concentrated by a modification of the protocol described by Rueckert & Pallansch (1981) . Supernatant from infected BHK-21 cell monolayers was centrifuged at 20000 r.p.m, in a Sorvall HB-4 rotor for 30 min at 4 °C; 2 ml I0% Sarkosyl (sodium N-laurylsarcosine) and 1 ml l"5%fl-mercaptoethanol in PBS were then added to 10 ml of clarified supematant. The mixture was loaded into polyalIomer centrifuge tubes (Beckman) and underlaid with 1'5 m130% sucrose in 1 M-NaC1, 0"02 M-Tris. Tubes were centrifuged at 30000 r.p.m, for 4 h at 15 °C in a Beckman SW40 rotor. Supematant was discarded, the virus pellet resuspended in I ml of PBS and stored at -70 °C. RNA was prepared from purified virus by a modification of the GTC method as described by Chomczynski & Sacchi (I987) .
• RT-PCR. This was done using a GeneAmp thermostable rTth reverse transcription RNA PCR Kit (Perkin Elmer Cetus). Briefly, reverse transcription was performed with 100 ng of total CNS (brain or spinal cord) RNA using a 23-mer oligonucleotide primer complementary to BeAn nucleotides 3879 to 3901 (Pevear et al., 1987) in a 20 ~tl reaction (1 x RT buffer, I mM-MnC12, 200 mM of each dNTP, 5 U rTth polymerase and 0"75 mM of primer). Reaction mixes were overlaid with mineral oil and incubated at 58 °C for 15 rain. After first strand cDNA synthesis, 80 ill of PCR cocktail (0"8 x chelating buffer, 2'5 mM-MgCl~, 0"15 ~tM-17-mer 'upstream primer' corresponding to nudeotides 3078 to 3094 (Pevear ef al., 1987) of the BeAn strain of TMEV) were added, and reactions subjected to 35 cycles of amplification (94 °C and 55 °C for 20 s each followed by 60 °C for 60 s) using a Techne PHC-3 thermal cycler. PCR products were analysed by running one-tenth of the reaction mix on a 1% agarose gel and carrying out a Southern blot.
• Southern blot analysis. Southem blot analysis was performed as described by Maniatis ef al. (1982) . PCR products were transferred to positively charged nylon membranes (Boehringer Mannheim), covalently linked to the membrane by UV irradiation (240 mJ), prehybridized [50 % formamide, 5 x SSC, 2% blocking solution (Boehringer Mannheim), 0"002% SDS, 10 lig/ml tRNA] at 65 °C, hybridized at 65 °C in prehybridization solution with digoxigenin labelled riboprobes (as described above). After hybridization membranes were washed in 2 x SSC, 0'1% SDS at room temperature and 0'2 x SSC, 0'1% SDS at 65 °C. Hybridized probes were detected using an anti-digoxigenin antibody and an enhanced chemiluminescence kit (Boehringer Mannhelm).
Results
The experiment was designed to provide a large, longitudinal and comprehensive study of the acute and chronic phases of TMEV BeAn infection in CBA mice, a mouse strain previously designated on the basis of clinical signs to be intermediately susceptible to chronic demyelinating disease. A group of age and sex matched BALB/c mice, a strain previously shown to be resistant to chronic disease were studied as a reference. One-hundred and forty CBA and 90 BALB/c mice were inoculated at the same time with I0000 p.f.u. BeAn virus i.c. and examined at least weekly for signs of disease over a period of 268 days. At various times p.i. groups of mice were sampled, wherever possible including animals with and without clinical signs of disease. To provide CNS material for virus titration, histology and RNA extraction, at each sampling time-point mice were perfused with PBS, brains and spinal cords removed, bisected sagittally or transversely and half of each brain or cord taken for extraction of RNA. From alternate mice, the other halves were either frozen for virus titration or fixed for histological studies. Serum was taken from all animals.
Clinical disease
Clinical signs of acute encephalitis were observed in 31% (43/140) of CBA mice and included unsteady gait, breathing difficulties, ruffled fur and flaccid paralysis of hind limbs. With the exception of one CBA mouse which recovered from acute infection and retained paralytic sequelae, clinically affected mice invariably died. Clinical signs of chronic disease, which were first observed at day 50, included hunched posture, weight loss, incontinence and diarrhoea, spastic paralysis of the tail and limb paralysis, which was more commonly observed in the hind-limbs than the front limbs. From day 50 to 268 the incidence of chronic disease was 30% (12/40). BALB/c mice never showed clinical signs of CNS disease and there was no mortality.
CNS virus titres
During the acute phase of the infection, CNS infectivity titres differed between CBA and BALB/c mice ( Fig. 1) . In both strains, titres in the brain increased steadily and in parallel from 104'a at day I to 10 ~9 p.f.u./g at day 7. After 7 days, brain and spinal cord titres in all BALB/c mice started to decline, and by 2I and 28 days, no virus was detectable in 5/6 and 7/9 brains and 1/2 and 7/7 spinal cords, respectively. In contrast, in CBA mice infectivity was detectable in all brains and all but one spinal cord sampled at 14 and 21 days, and in 6/9 and 3/7 brains and spinal cords sampled at day 28. On days 14, 21 and 28 mean brain virus titres between the two strains of mice were significantly different, P (0"006 by paired Student's t-test. Titres in CBA mice after day 14 were highly variable between individuals in both the brain and spinal cord, ranging in the brain from I04.2 to 107.9 at day 21 and from undetectable (< 101"7) to 10 vs at day 28. From the mice sampled on days 35, 42 and 50, infectious virus was detected in the CNS of 3/14 (21%) CBA and 0/12 BALB/c mice. After day 50 and up to day 268, from a total of 18 CBA mice tested for infectious virus, 4 (22 %) were positive. With the exception of one spinal cord at day 35, iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii iiiiii i iii iiiiiiiiiii iiiii@ iiiiiii iiiiiiiiiiii no infectious virus was detectable in either brains or spinal cords of 23 BALB/c mice tested at regular intervals between days 28 and 268.
Neuroanatomical distribution and spread of infection
The neuroanatomical distribution and spread of virus in the CNS were determined by in situ hybridization using 3sS-or digoxigenin-labelled riboprobes complementary to the viral genomic RNA, followed by autoradiographic and/or microscopic analysis. At least three adjacent, paraffin processed sections of brains and spinal cords taken every day during the first week p.i. and at days 14, 21, 35, 42, 50, 60 and a number of later time-points until day 268 were studied. The specificity of the riboprobe was tested on age matched, non-infected and Semliki Forest virus infected mouse CNS tissues (Fazakerley et al., 1993) . No positive signal was ever detected in any of the control tissues.
By in situ hybridization, BeAn RNA was first detectable on day 2 p.i. in both CBA and BALB/c mice. By microscopic examination of three 5 Ilm sections per brain or spinal cord, between days 2 and 28, viral RNA + cells were detected in the CNS of I8/30 (60%) CBA and 7/30 (23 %) BALB/c mice. As with the infectivity titres in the CNS, individual CBA mice were variable in the extent of virus spread in the brain. In some In situ hybridization using a 3sS-labelled riboprobe complementary to the viral genomic RNA. Numbers indicate days p.i. For orientation, a few areas of the brain are marked on the BALB/c day 7 image: oil, olfactory bulb; ct, cerebral cortex; hp, hippocampus; t, thalamus; hy, hypothalamus; cb, cerebellum; bs, brain stem; sc, spinal cord. Between days 4 and 28, at least three mice were studied at each time-point From analysis of three adjacent 5 pm thick sections of each brain and spinal cord, virus RNA + cells were detected in the CNS of 7/30 (23%) BALB/c mice and 18/30 (60%) CBA mice. In both mouse strains, positive cells were generally present in foci or as single infected ceils scattered throughout the brain, as shown by arrowheads in the series of images from BALB/c mice. The majority of CBA mice also had small foci of infection, but in a few CBA mice (approximately 10%) the infection was more widespread in specific areas. Two examples of this, at days 14 and 28, are included in the series of images from CBA mice. Note that the hippocampus was frequently infected (arrows at day 7, 14 and 21 ) as were nuclei in the hypothalamus (arrowhead day 7) and the substantia nigra (arrowhead day 21 ). Two representative examples of the patterns of infection in the brain of CBA mice during the chronic phase (> 50 days) of the infection are shown. During this phase of the infection viral RNA + cells were always confined to discrete loci in both the brain and spinal cord, and were most frequently observed in white matter tracts. mice sampled before day 50, infection had become widespread. A few representative autoradiographic images of the different distribution patterns are shown in Fig. 2 . As expected, the individuals in which there was spread by in situ hybridization were those with the highest virus titres. In those animals with focal infection the foci were most frequently observed in the occipital and limbic cortices, hippocampal pyramidal neuron layers, thalamus (particularly the ventral divisions of the anterior thalamic nuclear complex), hypothalamus, mammillary nucleus, substantia nigra, interpeduncular nuclei, brain stem, and in anterior horn cells of the spinal cord (Fig. 2) . Signal was consistently absent in other regions such as the cerebellum, olfactory bulb and dentate gyrus, and rare in the striatum, inferior and superior colliculi, pons and white matter tracts of both brain and spinal cord. Persistence of virus in both the brain and spinal cord of CBA mice was readily observed by in situ hybridization and was generally focal. From day 50 to 268, 10/30 (33 %) CBA mice were positive for viral RNA by in situ hybridization.
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Splitting the study roughly into the first and second 100 days of the chronic infection, between days 50 and 155, 6/14 (43 %) of mice were positive, whereas between days 182 and 268 only 2/12 (17%) were positive. In the brains of these mice, rare, isolated, usually single BeAn RNA + cells were observed in several areas but were most common in the outer cortical layers, inferior colliculus, thalamic nuclei, hypothalamus and brain stem, particularly the corticospinal tracts (Fig. 2) . In the spinal cord, BeAn RNA + cells were confined to the white matter (see Fig. 5 ), although signal was on rare occasions observed in individual neurons in the grey matter. In BALB/c mice, infection was always focal, spread was never observed and no (0/23) brains or spinal cords were positive in any of the BALB/c mice studied after day 28.
CNS persistence by RT-PCR
To increase the sensitivity of detection of viral persistence in the chronic phase of the disease, a highly sensitive RT-PCR !70~
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-- amplification Southern blot (RT-PCR-SB) technique was developed. RNA was extracted separately from half brains and spinal cords from CBA and BALB/c mice at various times from 50 to 268 days. The other half tissues from these same animals had been used to determine infectious virus titre or for in sifu hybridization studies. The sensitivity of the RT-PCR-SB assay was such that 30 molecules of BeAn RNA (10 -1 fg) diluted in i00 ng of total uninfected brain RNA could be reverse transcribed, amplified, and the product detected by SB hybridization (Fig. 3) . Table I Fig. 3 ). BeAn RNA was detectable in both brains (14/30) and spinal cords (16/30) of the same mice. Negative CBA mice (14/30) were detected as early as 50 days. If, as with analysis of the in situ hybridization data, the chronic infection is roughly divided into the first (50-155) and second (182-268) 100 days, 13/20 (65 %) and 3/10 (30%) mice were positive, again indicating increased clearance with time.
All mice that exhibited clinical signs during the chronic phase of the infection were positive for virus by infectivity assay or in situ hybridization, and by RT-PCR-SB. Of the 60 CBA samples, brains and spinal cords, that were tested by RT-PCR-SB, 11 were negative by infectivity or in situ hybridization but positive by RT-PCR-SB. No samples were positive by infectivity or in situ but negative by RT-PCR-SB. RT-PCR-SB was thus the most sensitive assay for viral persistence. Using this as the measure of persistence, between 50 and 268 days 5/30 mice were positive by RT-PCR but did not have clinical signs giving a 16% incidence of subclinical infection.
Serum neutralization titres
That virus titres increased in parallel in the CNS of CBA and BALB/c mice prior to day 7 and thereafter diverged suggested a differential immune response. To investigate whether this reflected an ability to produce neutralizing antibody and whether there was any correlation between neutralization titre and brain infectivity titre, serum neutralization titres were determined during the acute phase of the infection (Fig. 4 a) . Neutralizing antibody was first detectable in the sera of both strains at low levels at day 7 coinciding with the time after which differences in CNS infectivity titre became apparent. Over the first 35 days of infection, when differences in CNS infectious titre were most marked, the mean neutralization titre of CBA sera was 4"51 and that of BALB/c sera 4"37 p.f.u, neutralized/ml serum. By Student's t-test there was no Conversely, during the chronic infection CBA mice that had clinical signs all had high antibody titres. Antibodies were detectable in BALB/c mice as late as 210 days p.i.
significant difference between the two groups (P = 0"16). In the acute phase of the infection ( ~ day 50), there was no clear correlation in individual CBA mice between titre of CNS virus and titre of neutralizing antibody; however, all three mice with clinical signs of acute encephalitis had low titres of neutralizing antibody (Fig. 4 a) . In the chronic phase of the disease () day 50), there was a clear and strong positive correlation between clinically apparent disease and high antibody titres (Fig. 4 b) . This difference was statistically significant, P--0"001 by the non-parametric two-tailed Mann-Whitney test. An association was also apparent between high antibody titre and virus persistence, as determined by in situ hybridization (P --0"05), but not by RT-PCR-SB (P = 0"2). It is interesting to note that for both mouse strains, serum neutralizing antibody could be detected beyond 200 days p.i.
Neuropathology
From the data on clinical signs and survival, virus titre and extent of spread, individual CBA mice which survived the acute infection could be divided into two groups, which correlated with differences in histopathology. The first group had low CNS infectivity titres during the first 2 weeks and viral RNA was generally apparent in individual or small foci of cells. Consistent with the known site of replication of this RNA virus, in sifu hybridization signal was only detected in the cytoplasm of infected cells. Areas of infection were always associated with a mononuclear cell inflammatory response, first apparent at 4 days, astrocytosis, as determined by immunostaining for GFAP, cell-death characterized by cells of small size, abnormal shape, intense staining of cytoplasm, pycnotic nuclei and karyorhexis, and microglial proliferation, as evidenced by cells with small basophilic, spherical or rod-shaped nuclei. Neuronophagia was occasionally observed. This profile of infection was also observed in all BALB/c mice. The second group of CBA mice were those with early high CNS virus titres or virus detectable in the CNS after day 28. These mice had a more rapid, widespread and destructive infection in specific areas of the brain, notably the pyramidal neurons of the hippocampus, the substantia nigra, and the anterior thalamic nuclear complex, predominantly the ventral divisions. With time, in these areas, increasing numbers of cells were infected, the inflammatory response intensified, cell-death became widespread, the tissue microcystic and eventually vacuolated and hypocellular, until only a few GFAP + astrocytes and cells with a microglial-macrophage morphology remained (Fig. 5) . The disseminated infection of these specific structures was apparent as early as day 7 in the hippocampus with complete destruction and vacuolation as early as day 2i, though the destruction was most pronounced when the inflammatory response had subsided. The areas affected by these destructive lesions were highly specific and reproducible and the surrounding tissue was unaffected and contained no BeAn RNA + cells. Strikingly, all ten CBA mice in which virus was detectable in the brain by in situ hybridization in the chronic phase of the disease also had widespread destruction of one or more of these same specific brain regions, the pyramidal layer of the hippocampus, the anterior thalamic nuclei and the substantia nigra. This histopathological correlation indicates that virus persisted in the CNS of those CBA mice which had had an extensive but sublethal acute infection characterized by high CNS virus titres and spread of virus in specific structures. No or minimal damage of these structures was observed in CBA mice with lower CNS virus titres in the acute phase, or in mice sampled in the chronic phase in which viral RNA was not detected in the CNS by RT-PCR-SB, or in any BALB/c mice sampled at any time.
CNS viral tropism
During the acute infection, BeAn RNA was primarily observed in neurons, including hippocampal pyramidal neurons and motor neurons in the spinal cord. In addition, infected cells with distinct neuronal morphology were observed in areas described above. Glial cell tropism was determined by in situ hybridization for viral RNA followed by immunostaining for GFAP or CNPase, phenotypic markers of astrocytes and oligodendrocytes, respectively. To check the 
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specificity of the double-labelling technique, adjacent sections were labelled by in situ hybridization only or immunocytochemistry only. The distribution of the in situ hybridization signal and the immunostaining were identical in single and double-labelled sections. No differences in tropism were observed between CBA and BALB/c mice. GFAP + BeAn RNA + cells were present. GFAP + cells generally accounted only for a small proportion of the BeAn RNA + cells. Infection of these cells was lyric as determined by morphology, and association of GFAP staining with pycnotic nuclei. A few GFAP + BeAn RNA + cells with typical astrocytic morphology were also observed (Fig. 5) . All BeAn RNA + cells observed in white matter tracts were GFAP +. During the acute infection, no CNPase + BeAn RNA + cells were observed in brains or spinal cords of either BALB/c or CBA mice, even in areas where CNPase + cells were surrounded by many infected cells (Fig. 5) . No meningeal, ependymal or choroid plexus cells were observed to be positive for viral RNA. Signal was occasionally associated with blood vessels. In some cases this was clearly with the perivascular astrocytes. During persistence ( > day 50) the majority of viral RNA + cells were located in the white matter in both the brain and the spinal cord (Fig. 5) . The majority were CNPase + (Fig. 5) , and rarely GFAP + or CNPase-GFAP (Fig. 5) . These cells may have been microglia or macrophages but attempts to label these cell types in our paraffin sections with antibodies to F4/80 proved unsuccessful and double-labelling did not work on cryostat sections. Relative to the number of BeAn RNA + CNPase + cells, these BeAn RNA +, CNPase-, GFAP-cells were rare. BeAn RNA + CNPase + cells were observed throughout the course of the chronic infection and these cells appeared morphologically normal. By GFAP staining an astrocytic response was present in and at some distance around many of the positive cells. In both brains and spinal cords, BeAn RNA + cells were usually associated with an inflammatory response which consisted predominantly of cells with a macrophage, microglial morphology. Importantly, viral RNA + cells, both CNPase + and CNPase-GFAP-, not surrounded by an inflammatory response were observed in both brain and spinal cord.
Discussion
Following an early (2 to 4 weeks) phase of lytic virus replication, occurring mainly in neurons, between 35 and 268 days p.i., all BALB/c mice analysed were negative for virus persistence, by infectivity, in situ hybridization, and RT-PCR. Resistance to chronic disease in this mouse strain can thus be firmly equated with complete clearance of virus from the CNS. In contrast to BALB/c mice, infection of CBA mice resulted in three different outcomes. In a proportion of mice, the CNS virus infection spread, resulting in complete destruction of specific neuronal nuclei, development of acute clinical encephalomyelitis and death. The majority of CBA animals which did not develop clinically apparent acute disease could be divided into two groups. Firstly, mice which had high or prolonged CNS virus titres, and destruction of one or more specific neuronal nuclei. Destruction of these same nuclei was observed in CBA mice with persistent CNS infection. The mice which developed a persistent infection were therefore those in which virus infection spread in defined structures in the acute infection but with insufficient spread and/or destruction to result in clinically apparent and invariably fatal acute encephalomyelitis. The second group were mice which like BALB/c mice cleared CNS infection usually within 28 days. The kinetics of the acute CNS infection in these mice was essentially similar to that in BALB/c mice. Histological examination did not reveal large areas of destruction, indicating that these were the animals in which the acute infection had been limited to scattered individual cells or small loci. Absence of large destructive lesions in the CNS of CBA mice without virus persistence suggested that these were the mice which had had a limited acute infection.
The apparent change in tropism of the virus from neurons and astrocytes in the acute infection to oligodendrocytes in the persistent phase is in agreement with previous studies of the DA strain of TMEV (Brahic et al., 1981; Aubert et aI., 1987) and could be related to a change in infectability of oligodendrocytes, perhaps as a result of increased access of virus to the white matter following inflammatory changes, or increased efficiency of virus binding or uptake in these cells. Another and perhaps more likely possibility is that oligodendrocytes are infected at the same time as other cell-types but that virus replication within oligodendrocytes is restricted as previously described for the DA strain (Cash et al., 1985 (Cash et al., , 1986 (Cash et al., , 1988 resulting in a slow build-up of transcripts which only become detectable with time. The same possibilities can be applied to the neurovirulent GDVII strain of TMEV which also has the ability to infect oligodendrocytes (Simas et al., 1995) .
The basis for the difference in spread, clearance and persistence between individual CBA mice is unclear. Differences in genetic susceptibility seem unlikely in this inbred strain. The brain structures first infected may be important and could be an important variable contributing to subsequent differences in spread between individual CBA mice, but since no BALB/c mice had destructive lesions it cannot explain the difference between CBA and BALB/c mice. The site of inoculation has been previously shown to affect the neuroanatomical distribution of other strains of this virus (Love, 1987; Wada & Fujinami, 1993; Simas et al., 1995) . In CBA mice, a scenario in which the outcome of infection depends upon a balance between control of the infection by the immune response and spread into highly susceptible neuronal structures can be envisaged. The structures reproducibly infected in those mice with early high virus titres and destroyed in those mice with persistence include the pyramidal layer of the hippocampus, the anterior thalamic nuclei, the hypothalamus, the mammillary nucleus and the substantia nigra. Other strains of TMEV have been observed in these same structures, often loosely designated the limbic system (Wada & Fujinami, 1993 ; Simas et a]., 1995) . These nuclei are variously connected. For example, the anterior thalamic nuclei and the mammillary nucleus both receive efferents from hippocampal pyramidal neurons. However, the situation is complex since the nucleus accumbens which also receives input from hippocampal pyramidal neurons and the striatum which receives inputs from the consistently infected substantia nigra were only rarely infected. There may be pathways along which BeAn virus cannot spread or subpopulations of neurons which the virus cannot enter or replicate in; however, since these areas were consistently infected in athymic mice (Wada & Fujinami, 1993) , it is likely that in the present study spread to these structures was curtailed by the immune response. Interestingly, these same areas are heavily infected following intracerebral infection of rodents with strains of the unrelated coronavirus mouse hepatitis virus (Fishman eta]., 1985 ; Lavi et al., 1988; Perlman, 1988; Fazakerley et al., 1992) .
A second factor affecting the variability of the course of infection in CBA mice is the immune response. Brain virus titres increased in parallel in all CBA and BALB/c mice until day 7, thereafter, differences were observed between individual CBA mice. The onset of this at day 7 corresponds to the time by which specific immune responses are usually established in the mouse. Quantitative and qualitative differences in the immune response are likely contributors to the variable course of infection in individuals. Antibody has previously been shown to be important in limiting the spread of CNS infection (Fujinami et aI., 1989; Rodriguez et aL, 1990; Borrow eta] ., 1993 ; Kurtz et al., 1995) and in the acute infection (~< day 50) animals with clinical signs had low serum neutralizing antibody titres. This was reversed in the chronic infection (> day 50) where there was a significant correlation between clinical signs and high serum neutralization titres. This is consistent with early low titres of neutralizing antibody allowing virus spread leading to persistence and thereafter, persistent infection providing a continual antigenic stimulus leading to high titres of neutralizing antibody. There was a correlation between high titres of serum neutralizing antibody and virus persistence by in situ hybridization after day 50. That there was no correlation between antibody titre and virus persistence by RT-PCR may represent the ability of the PCR to detect virus at levels below those able to stimulate antibody production. In resistant strains of mice virus clearance is mediated by CD8 + T cells (Fiette et al., 1993; Pullen et al., 1993; Rodriguez et aI., 1993; Azoulay et al., 1994) and a differential T cell response, including T helper cell response (Peterson et al., 1993) in individual mice could also be important. In this regard, environmental factors such as stress may play a role in the variation between individuals and could operate via the immune response (MacPhee et al., 1989) .
In summary, we have characterized in a detailed and comprehensive longitudinal study the course of BeAn virus infection in CBA mice and determined that the previously observed intermediate susceptibility to chronic demyelinating disease of this mouse strain (Blakemore et al., 1988) results from variability between individuals in their ability to eliminate virus from the CNS and that this in turn is determined by events early in infection which affect spread of virus within the CNS. In those CBA mice with persistence, virus can be found predominantly in oligodendrocytes in both the brain and the spinal cord and RT-PCR is the most sensitive assay for this persistence. Study of BeAn infection of the CBA mouse may be a particular good model for studying CNS virus persistence and multiple sclerosis since it allows study, on a constant predisposing genetic background, of factors which determine development of persistent infection and chronic demyelinating disease.
